Net sucrose efflux from discs of fully expanded leaves of soybean (Glycine max IL.] Merr.) plants was studied to characterize sucrose efflux into the apoplast. Net sucrose efflux had a Qie of 2.3, was linear for at least 3.5 hours, and was selective for sucrose over glucose. Sulfhydryl A study of the physiology of sugar transport within leaf blades may reveal how the process is controlled. Evidence exists that sugars can be released into the apoplast; however, present observations ofthe mechanism by which they are released are conflicting. Sugar efflux from wheat and tobacco protoplasts likely involves an energy dependent, sugar-K+ symport that is not specific for hexose or sucrose (13). In contrast, the release of sugars from Viciafaba (L.) leafdiscs is highly specific for sucrose and is stimulated by external K+ (1). The reason for the different results of these two reports is unknown, but may be due to the plant material and/or the different experimental systems. Recently, Anderson (2) reported differences among several species in the characteristics of sucrose release from leaf slices, particularly in their sensitivity to the sulfhydryl binding reagent PCMBS.'
Transport of sucrose from regions of synthesis to regions of utilization and/or storage is an important physiological process that has been the focus of much research. Considerable research has been conducted on the loading of sucrose into the phloem (8) as well as on sucrose uptake into developing seeds, particularly soybeans (25, 26) . One area of research that has received considerably less attention is sucrose transport from mesophyll tissue to sites of phloem loading.
The synthesis of sucrose may be controlled by several factors within the cell. The flow of carbon into either starch or sucrose is influenced strongly by intracellular levels of intermediate metabolites and/or effector molecules within the cytosol and stroma (5, 23) . In addition, there is the possibility that cytosolic sucrose concentration may play a role in regulating intracellular carbon metabolism and partitioning (9) . Sucrose efflux from the cytosol may be one important process that influences other regulatory points of carbon metabolism. Slow efflux of sucrose would lead to its accumulation in the cytosol which could initiate a cascade ofevents leading to an alteration ofcarbon partitioning. Yet, to date, there have been few reports aimed at elucidating sucrose efflux from mesophyll tissue.
A study of the physiology of sugar transport within leaf blades may reveal how the process is controlled. Evidence exists that sugars can be released into the apoplast; however, present observations ofthe mechanism by which they are released are conflicting. Sugar efflux from wheat and tobacco protoplasts likely involves an energy dependent, sugar-K+ symport that is not specific for hexose or sucrose (13) . In contrast, the release of sugars from Viciafaba (L.) leafdiscs is highly specific for sucrose and is stimulated by external K+ (1). The reason for the different results of these two reports is unknown, but may be due to the plant material and/or the different experimental systems. Recently, Anderson (2) reported differences among several species in the characteristics of sucrose release from leaf slices, particularly in their sensitivity to the sulfhydryl binding reagent PCMBS. ' The objective of this investigation was to characterize the release of sucrose from soybean leaf discs. In soybean leaves, paraveinal mesophyll cells play a central role in regulating intercellular photoassimilate transport (7). It was important, then, to use leaf discs as an experimental system because they contain the essential components for intercellular transport. The structural integrity of soybean leaf discs, compared to isolated cells, has been shown to be important in the transport of amino acids (6 
RESULTS
Effects of KCI and NaCI. Net sucrose efflux from leaf discs was linear for at least 210 min and was enhanced by 25 (Table II) . In the absence of HCO3 , light promoted effiux by 24%, and in the presence of HCO3 , by 42% over the dark, NaCl control. In the dark, 10 mM HCO3 promoted efflux by 20%. Based on a factorial analysis ofvariance, there was no significant statistical interaction between the light/dark and NaHCO3/NaCl effects, which suggests that the two effects are independent.
It is likely that the promotive effect of NaHCO3 in the dark is related to pH. Sucrose efflux in the dark is promoted by NaHCO3 in a dose dependent manner (Fig. 4A) . However, at the end of the incubation period (150 min), the pH of the highly buffered (100 mm Tris) incubation solution had risen concomitantly with increased efflux (Fig. 4B) . The increases in pH were not a result of a simple physical phenomenon because the pH of treatment solutions not containing leaf discs did not change appreciably over the course of the incubation period.
Sulfhydryl Reagents. The effect of PCMBS, a relatively nonpenetrating, sulthydryl group reagent, was tested in order to learn whether a protein carrier was involved in sucrose efflux. As shown in Figure 5 , PCMBS began to inhibit efflux at about 50 ,M and had maximal inhibition at 1 mM. A time course of sucrose efflux indicated that 1 mM PCMBS had an effect within 30 min of application and that the effect was readily reversible by 1 mM DTT (Fig. 6) . Another sulfhydryl reagent, NEM, also reduced sucrose efflux, but was less effective than PCMBS (Table  III) . It may have been less effective than PCMBS because it also inhibits ATPase activity. Inhibition of ATPase activity increases sucrose efflux (see section on ATPase inhibitors). Nevertheless, a SH group is likely to be important in the activity of the sucrose (Fig. 7) . Ionophores. Valinomycin, a K+ ionophore, was used as a probe to determine the role of K+ in promoting sucrose efflux. There was no effect of up to 100 Mm valinomycin on sucrose efflux at pH 6.0, pH 8.0, and at 0 and 50 mM KCl (Fig. 8) . As expected, 50 mM KC1, as well as higher pH, promoted sucrose efflux. It was possible that valinomycin had no effect because 50 mM KC1 was a saturating concentration. However, at 5 mm KCl, similar results were observed (data not shown). Thus, facilitation of K+ entry into tissue (via valinomycin) did not enhance sucrose efflux. Also observed in this experiment was that efflux was promoted at higher pH regardless of KCl concentration.
Other monovalent cation ionophores tested were monensin (Na+>K+), nigericin (K+>Rb+>Na'), and CCCP (Hf). These compounds were tested at a less than saturating concentration (10 mM) of KC1. In general, as shown in Table IV (Table V) . In general, the inhibitors increased sucrose efflux and were most effective in the absence of K+. DCCD had the greatest effect followed by DES and orthovanadate (Na3VO4). In the presence of 25 mm KC1, orthovanadate did not significantly increase sucrose efflux. The inhibitors promoted efflux at both pH 6.0 and 8.0; however, the effect was greater at pH 6.0 than at pH 8.0 for all treatments (data not shown). Effect of ABA. It is believed that ABA can promote sucrose uptake in sink tissue, but between the concentrations of 10-9 to 10-5 M, ABA had no effect on sucrose efflux from soybean leaf discs (data not shown).
DISCUSSION
The data presented in this report indicate that there is net efflux of sucrose from soybean leaf discs into the apoplast. It is important to recognize that this is net efflux and may be the result of concurrent influx and efflux. No attempt was made to assess the relative contribution of each process to final net effiux. However, Anderson (2) reported that sucrose uptake into soybean leaf slices from fully expanded leaves is considerably less than sucrose release. Net efflux of sucrose into the apoplast has been demonstrated in several species and under different experimental conditions (1, 2, 12, 13) .
Net sucrose efflux varied among experiments, but the effect of the various treatments was independent ofabsolute efflux values. The variability may have been a result of differences in sucrose content, leaf age, or changes in daily environmental conditions such as cloudiness.
The mechanism by which sucrose is exported from cells cannot be proved using leaf discs, but the data can suggest how the process is regulated. Sucrose Sucrose efflux from soybean leaf discs seems to involve a HW/ sucrose symport mechanism, perhaps similar to that in maize scutellum tissue (14, 16) . Sucrose efflux is promoted when H' concentration is lowered outside the cell. This concentration gradient would favor proton flow to the outside and, hence, enhance a coupled sucrose efflux. Higher pH would also reduce the activity ofthe plasmalemma ATPase (1 1), thus, making more protons available for a Hf/sucrose carrier. It is also possible that the change in pH could alter the conformation of a carrier, rendering it more active. Another possible explanation for faster efflux at higher pH is that sucrose uptake is diminished (2) . Additional evidence implicating the involvement of H' in sucrose cotransport is that the ionophore CCCP increases sucrose efflux (Table IV) . At low external pH (proton gradient toward the cytosol), the ionophore would increase the influx of protons making them available for sucrose cotransport. Further support that proton availability is important in sucrose efflux comes from the work of Anderson (2), who demonstrated that when soybean leaf slices were incubated at pH 7.5 (proton gradient toward the apoplast, assuming a cytosolic pH of 7.0 [28] ) in the presence of the protonophore FCCP, sucrose efflux was inhibited. Apparently, FCCP facilitated proton movement to the apoplast, which could result in fewer protons available for the sucrose carrier. Sucrose efflux is enhanced by K+, but its role is unclear. It certainly promotes sucrose efflux when the carrier is operative (Fig. 6) , and does so regardless of the direction of the proton gradient (Fig. 8) . Ionophores that facilitate K+ passage through the membrane do not change sucrose efflux ( Fig. 8 ; Table III ). Possible ways that K+ can affect a cotransport system include (a) affecting ATPase activity, (b) acting as a counterion, and (c) directly affecting the carrier. Plasmalemma ATPase activity in microsomal vesicles and protoplasts isolated from maize leaves is promoted by K+ (19, 24) , but, if a proton-sucrose symport carrier is involved, enhancing H+ efflux should decrease sucrose efflux because fewer protons would be available in the cytosol for sucrose cotransport. This is supported by the fact that ATPase inhibitors increased sucrose efflux (Table V) . Therefore, it is unlikely that the effect of K+ on sucrose efflux is mediated through direct action on ATPase activity. Huber and Moreland ( 13) suggested that K+ was contransported with sucrose; however, ifthis were the case then increasing the external K+ concentration should decrease, not increase, sucrose efflux. In contrast, my data and those of Humphreys and Smith (I16), and Anderson (2) have shown that K+ increases sucrose efflux. Yet, the mechanism of the K+ effect is unresolved. Since the kinetics of the effect of K+ is biphasic (Figs. 2 and 6 ), it is possible that there are two processes affected by K'. The saturable effect seen at low concentrations (<25 mM) may affect the carrier directly and specifically (no Na+ effect), whereas the linear effect at higher concentrations is one of a counterion which can be replaced by Na+. Another possibility is that the K+ inhibits a simultaneous sucrose uptake system ( 15) .
Plasmalemma ATPases pump protons into the apoplast against a concentration gradient (28). In sink tissue, this proton gradient drives coupled proton-sucrose movement into the cytosol, which has a greater sucrose concentration. What is the driving force for sucrose efflux from source tissue? If the driving force of sucrose efflux was simply the sucrose gradient out from the cytosol, then one might expect a poorly regulated efflux system to be operating, one that was controlled by diffusion. The data indicate that sucrose efflux is more tightly regulated than by diffusion alone. Sucrose efflux could be increased by treatments that either lowered external or raised internal proton concentration, suggesting that the chemical component (A pH) of the proton motive force was important in sucrose efflux. In contrast, eliminating the electrical component (AI) ofthe proton motive force by using ionophores in the presence of KC1 had no effect on sucrose efflux. Thus, sucrose efflux is sensitive to proton concentration. In a leaf cell the sucrose gradient favors efflux whereas the proton gradient inhibits coupled sucrose efflux; thus, a regulatory mechanism that may prevent uncontrolled sucrose efflux could be one that requires that a proton be coupled to the carrier before sucrose was exported. Thus, sucrose efflux could be regulated by availability of protons to the carrier or possibly by the magnitude of the proton gradient.
Competition (19) . Alternatively, plasmalemma ATPase activity could decline as leaves mature from net importers to net exporters.
That sucrose efflux is enhanced by light in the absence of HCO3 suggests that light has an effect on the process other than through the generation of sucrose. It is unknown how light is affecting the efflux process. Other researchers have demonstrated that light enhances sucrose (2) and amino acid (27) efflux from leaf discs or slices. Light may increase the availability of sucrose (or protons) for efflux in a manner analogous to that in which light has in shifting N03 from a storage to a metabolic pool (3). Another possibility is that light alters membrane conformation to favor sucrose efflux.
The promotion of sucrose efflux by HC03-in both the light and dark was unexpected. In both light and dark, HCO3 increased efflux by about 20% over the respective NaCl control. Thus, the direct contribution of photosynthesis to sucrose efflux is unclear in these experiments because the effect of HCO3 in light was equal to the effect of the HC03-in the dark. It has been reported that in the presence of NaH'4CO3 about half the sucrose released by soybean leaf discs was radiolabeled (2) . The effect of HCO3 may be complex, perhaps involving photosynthesis or a change in pH. The dose dependent, promotive effect of HCO3 in the dark was well correlated by the increase in pH during the incubation period. It is not known whether the pH change was the cause or an effect of increased sucrose efflux. It is known that in Characeae, uptake of HCO3 can cause areas of the cell membrane to become alkaline (21) .
The mechanism for sucrose efflux seems to be different than the mechanism for sucrose uptake. For example, ABA enhances sucrose uptake in sugarbeet vegetative taproot tissue (22) , yet has no effect on sucrose efflux from soybean leaf discs. In contrast to efflux characteristics of soybean leaf discs, uptake of sucrose into soybean cotyledons is inhibited at higher pH values and in the presence ofH' ionophores (18) . During their ontogeny, leaves
